Hypothalamic tanycytes are glial-like glucosensitive cells that contact the cerebrospinal fluid of the third ventricle, and send processes into the hypothalamic nuclei that control food intake and body weight. The mechanism of tanycyte glucosensing remains undetermined. While tanycytes express the components associated with the glucosensing of the pancreatic b cell, they respond to nonmetabolisable glucose analogues via an ATP receptor-dependent mechanism. Here, we show that tanycytes in rodents respond to non-nutritive sweeteners known to be ligands of the sweet taste (Tas1r2/Tas1r3) receptor. The initial sweet tastant-evoked response, which requires the presence of extracellular Ca 21 , leads to release of ATP and a larger propagating Ca 21 response mediated by P2Y1 receptors. In Tas1r2 null mice the proportion of glucose nonresponsive tanycytes was greatly increased in these mice, but a subset of tanycytes retained an undiminished sensitivity to glucose. Our data demonstrate that the sweet taste receptor mediates glucosensing in about 60%
Agha, . . . Hajihosseini, 2013; Lee, Bedont, Pak, Wang, Song, MirandaAngulo, . . . Blackshaw, 2012; Robins, Stewart, McNay, Taylor, Giachino, Goetz, . . . Placzek, 2013) . A further potential role of tanycytes is that they sense glucose in the CSF.
Tanycytes in acute brain slices respond to glucose and nonmetabolisable glucose analogues when these are applied directly and selectively to the tanycyte cell body layer via puffing from a patch pipette (Frayling, Britton, & Dale, 2011) . This puffing technique generated large repeatable increases in Ca 21 within the tanycytes, which spread in a wave like fashion between neighboring tanycytes (Frayling et al., 2011) . The glucose-evoked Ca 21 wave was found to depend on the release and extracellular diffusion of ATP acting via the P2Y1 receptor (Frayling et al., 2011) . Further evidence for tanycytes as glucosensors comes from studies on primary cultures enriched in tanycytes, which respond to bath application of glucose also in an ATP-receptor dependent manner (Orellana, Saez, Cortes-Campos, Elizondo, Shoji, Contreras-Duarte, . . . García, 2012) . While these two studies show that tanycytes can respond to application of glucose, the sensing mechanism for glucose remains enigmatic. accepted hypothesis is that tanycytes sense glucose through a mechanism similar to that used by pancreatic b-cells (Bolborea and Dale, 2013; Dale, 2011; Orellana et al., 2012; Rodriguez et al., 2005) . However, tanycytes also respond with Ca 21 waves to nonmetabolisable glucose analogues, 2-deoxyglucose, and methyl glucopyranoside (Frayling et al., 2011) . Another glucosensing mechanism must therefore be involved. Two alternative mechanisms have been proposed: reversal of the Na 1 /Ca 21 transporter; or activation of a G-protein coupled receptor (Bolborea and Dale, 2013; Frayling et al., 2011) .
According to the Na out of, and Ca 21 into, the cell (Bolborea and Dale, 2013; Dale, 2011; Gonzalez, Jensen, Fugger, & Burdakov, 2008) . The increase of Ca 21 inside the tanycytes may then, through an unknown mechanism, lead to release of ATP from the tanycyte, which may feed back onto the original activated cell leading to release of Ca 21 from intracellular stores, or stimulate neighboring cells thus propagating the Ca 21 wave (Bolborea and Dale, 2013; Frayling et al., 2011) . While this is a possible explanation, the mechanism involved is rather complex.
Activation of G protein coupled receptors (GPCRs) provides a potentially simpler way of detecting extracellular glucose. The sweet taste receptors are a family of GPCRs well known for their ability to respond to sweet tasting compounds, including glucose. The sweet taste receptor is a heterodimer consisting of Tas1r2 and Tas1r3 receptor subunits (Li, Staszewski, Xu, Durick, Zoller, & Adler, 2002; Masuda et al. 2012; Nelson et al. 2001) . It can bind glucose as well as a number of non-nutritive sweeteners including sucralose and acesulfame K (Li et al., 2002; Masuda, Koizumi, Nakajima, Tanaka, Abe, Misaka, & Ishiguro, 2012) . The sweet taste receptor has been well characterized in the tongue and expression of Tas1r2 and Tas1r3 has also been reported in the hypothalamus (Ren, Zhou, Terwilliger, Newton, & de Araujo, 2009 ). Owing to the expression of Tas1r2 and Tas1r3 in the hypothalamus and the affinity of the sweet taste receptor for glucose, this receptor represents an attractive candidate to mediate the glucosensitivity of tanycytes. In this article, we examine this hypothesis. 
| MATERIALS A ND METHODS

| Ethical approval
| Acute slice preparation
Male Sprague Dawley rats aged between 12 and 17 days and 6 weeks to 6 months old male B6 mice were humanely sacrificed by cervical dislocation in accordance with Schedule 1 of the Animals (Scientific Procedures) Act 1986. The brain was rapidly dissected and placed in icecold artificial cerebrospinal fluid (aCSF 124 mM NaCl, 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 3 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 , 10 mM glucose saturated with 95% O 2 /5% CO 2 ) with additional 10 mM MgCl 2 . The dissected brain was then placed under a microscope and the meninges covering the ventral surface of the brain were carefully removed using fine forceps. Coronal sections 300 mm thick were prepared using a vibrating microtome (Microm HM650). Each section was subsequently dissected along the midline separating the third ventricle and incubated in 358C aCSF for 30-60 min to allow for recovery of adenine nucleotide levels (zur Nedden, Hawley, Pentland, Hardie, Doney, & Frenguelli, 2011) . Slices were then transferred to 1 mM glucose aCSF (osmolarity maintained by addition of 9 mM sucrose) at room temperature for storage until required for imaging.
| Viral constructs and injections
AdV-pTSHR-GCaMP3 was made by previously established methods (Duale, Kasparov, Paton, & Teschemacher, 2005 ) that involved cloning the 5 0 -flanking region of rat thyrotropin receptor gene (Ikuyama, Niller, Shimura, Akamizu, & Kohn, 1992 ) into a dual promoter construct (Liu, Paton, & Kasparov, 2008) . In strict accordance with the Animals (1986) Scientific Procedures Act, male C57BL/6 mice aged between 8 and 12 weeks old were maintained under deep anaesthesia via inhalation of Isofluran (Baxter). The level of anaesthesia was verified by testing of paw and tail withdrawal reflexes. The animals were placed in a stereotaxic frame (Kopf). A small hole was drilled in the skull to permit injection (via a 5 lL calibrated microcapillary tube, Sigma) of AdV-pTSHRGcAMP3 into the lateral ventricle (2.5 -5 3 10 9 viral particles) at the stereotaxic coordinates: bregma 0 mm; midline -0.72 mm; dorsal surface -2.3 mm. After the procedure, a single injection of Metacam (Meloxicam) injectable (5 mg/ml; Boehringer Ingelheim) was given to the animal. The animals recovered for a week, and then acute slices were made, as described above.
| Immunocytochemistry
After recording from slices, tissues were fixed in a solution of phosphate buffer 0.1 M plus 4% formaldehyde overnight (about 16 hr). The fixed slices were washed 3 times for 15 min with a phosphate buffer saline (PBS) solution. A blocking solution (PBS 1 5% bovine serum albumin 1 0.04% Triton-X-100) was applied for 1 hr and then directly followed by the primary antibodies as follows: GFP (for visualizing GCaMP3) 1:500 (ab6556) and Vimentin 1:500 (ab24525); GFP (1:500 -ab6556) and NeuN 1:500 (Millipore, MAB377); GFP (1:500 -ab6556) 
| Application of sweet taste compounds
Glucose or non-nutritive sweeteners were applied via puffing from a glass patch pipette (inner tip diameter 3-5 mm, applied pressure 60 kPa). For puffing experiments 290 mM glucose, 290 mM sucralose were dissolved into a solution of 10 mM HEPES pH 7.4 to give a solution with an osmolarity of 300 mOsm. 165 mM acesulfame K (AceK) was dissolved in 10 mM HEPES solution, pH 7.4, to give a solution with an osmolarity of 300 mOsm. A solution of 300 mM rebaudioside A (RebA) was diluted 1:1 with aCSF to give a final concentration of 150 mM in the patch pipette. The sweeteners were puffed directly onto the tanycytes in a series of 300-500 ms pulses spaced about 2 s apart. We previously established that this method gives a 30-40 fold dilution of the pipette contents at the slice-as measured for glucose puffs by using a glucose biosensor to verify the applied concentration (Frayling et al., 2011) . Thus the effective dose at the tanycytes for sucralose was 8 mM, and for RebA and AceK 4 mM. As a control, aCSF with 10 mM HEPES (0 mM glucose) was puffed onto the tanycytes. For every recording of a tastant response, the image focus and illumination at the 340 and 380 nm wavelengths was reoptimized and a baseline set of images acquired prior to application of the tastant.
| Other pharmacological manipulations
ATP was applied to the slice through the bathing medium at a concentration of 10 mM. The P2Y1 receptor antagonist, MRS2500, was applied at 100 nM for 10 min prior to tastant stimulation. immediately prior to the stimulus was calculated. The maximum change in intensity was then subtracted from the baseline for each ROI that was seen to respond. A change from baseline of >0.01 was taken to be the minimum value of response when a response was clearly observed, thus changes below this value were excluded from analysis. Where no response was observed, (as in the case of inhibitors) the average values from a similar number of ROIs were taken. The mean value from each ROI averaged to produce one value for statistical analysis.
| Tas1r2 null mice
The strategy for generation of Tas1r2 null mice is illustrated in Figure   1 . The coding sequence of Tas1r2 
| Comparison of Tas1r2 null and wild type mice
Slices were cut from Tas1r2 null mice or from wild type C57BL/6J mice, which is the closest wild type match to the genetic background of the knock out mice. A standardized protocol (size of puffer pipette, placement, number of stimuli) was used to test the responsiveness of slices from the two strains of mice. For analysis ROIs were drawn around every tanycyte in the field of view. This enabled quantification of the responses to glucose across all tanycytes (responsive and nonresponsive), only those tanycytes that responded, and the number of responsive and nonresponsive tanycytes in a slice. A total of 22 slices from 7 wild type mice and 24 slices from 8 Tas1r2 null mice were used.
The wild type and Tas1r2 null mice were matched for age and body weight 25.5 6 2.8 and 25.3 6 2.9 g, respectively.
| Statistical analysis and presentation
In the case of characterization of tanycytes responses to sweet tasting compounds and analysis of the signalling pathway one slice was regarded as an independent repetition. Thus responses from individual To avoid pseudoreplication in the case of the comparison of wild type and Tas1r2 null mice, the responses across all tanycytes and all slices from one animal was used to calculate the mean response for that animal, and the number of independent repetitions was thus the number of animals.
| R E S U L T S
To explore the potential role of the sweet taste receptor in tanycyte signalling, we investigated three sweet-tasting compounds, which act as ligands for the sweet taste receptor: the artificial sweeteners sucralose and acesulfame K (AceK); and a natural sweetener derived from Stevia rebaudiana, RebA (Li et al., 2002; Masuda et al., 2012;  Sclafani, Bahrani, Zukerman, & Ackroff, 2010). As our previous work 
| Tanycytes respond to non-nutritive sweeteners
Slices of rat brain were loaded with a Ca 21 reporter Fura 2-AM. Tanycytes were identified by their morphology and location at the boundary of the third ventricle as previously documented (Frayling et al., 2011) .
The three sweet tasting compounds induced repeatable responses in hypothalamic tanycytes that were larger than those evoked by control puffs of artificial CSF (aCSF; mean change of F 340 /F 380 for: control aCSF, 0.02 6 0.006, n 5 18; sucralose, 0.14 6 0.03 n 5 6, p 5 .0002; AceK, 0.05 6 0.004 n 5 6, p 5 .002; and RebA, 0.22 6 0.04 n 5 10, p 5 .0001; all comparisons to control aCSF puffs, Figure 2 ). Sucralose and RebA induced the characteristic Ca 21 waves first described for glucose and glucose analogues (Frayling et al., 2011) . AceK also induced a response in the tanycyte layer; however, this response was rapid and short lived in comparison to the other sweet tasting compounds ( Figure   2 ), which could often trigger responses that substantially outlasted the application of the sweet tastant.
The responses to non-nutritive sweeteners were not species or age specific. In slices derived from B6 wild type male mice aged between 6 weeks to 6 months ( Figure 3) 
| Application of non-nutritive sweeteners leads to activation of P2Y1 receptors
We previously demonstrated that tanycytes release ATP in response to glucose and that the extracellular diffusion of ATP propagates the Ca 21 wave along the tanycyte layer through activation of P2Y1 receptors (Frayling et al., 2011) . We therefore used the selective P2Y1 receptor antagonist, MRS2500, to test whether the responses to sweet-tasting compounds also involved ATP-mediated signalling. we would expect to see a response resulting from the direct activation of the receptor that is independent of the extracellular actions of ATP. We noted that the responses to non-nutritive sweeteners often appeared to be made up of two separate components: a slowly rising and lower amplitude initial response, which did not appear to propagate between cells; and a rapidly generated peak of much greater amplitude which propagated along the tanycyte layer and outlasted the period of stimulation by several seconds. We reasoned that the smaller initial response might be a change in intracellular Ca 21 due only to the activation of the hypothesized receptor, and termed this the primary response (Figure 8a, inset) . We therefore examined responses to RebA that only consisted of the primary responses and defined these primary-only responses as having a change in the F 340 / F 380 ratio of <0.1. This definition of a primary response based on the criterion of amplitude <0.1 was then used in all subsequent analysis reported in the paper. MRS2500 had no effect on these primary-only responses (Figure 8a ), suggesting that they did indeed arise from the direct activation of a hypothesized GPCR. However, the responses to AceK in both rat and mouse were insensitive to MRS2500 ( Figure   8c ). This contrasts with the responses to RebA and sucralose and suggests that responses to AceK had no dependence on P2Y1 receptors. RNA isolated from lingual papillae (here vallate papillae, CV) were subjected to cDNA synthesis in or without presence of reverse transcriptase. PCR product specific for Tas1r2 was only detected in wild type animals, whereas opsin mws was exclusively detected in Tas1r2 null mice in gustatory tissue. (e) In situ hybridization analysis of tissue sections of Tas1r2 animals. Tissue sections of vallate papillae of C57BL/6 wild type and homozygous Tas1r2 null mice were hybridized with digoxigenin-labelled riboprobes, recognizing Tas1r2 and opsin mws. Tissue sections of C57BL/6 mice showed robust labeling when hybridized with Tas1r2 antisense riboprobe (as). However, no signal was detected after hybridization with opsin mws as probe. In comparison to that, in tissue sections of homozygous Tas1r2 null mice no labelling was detected when hybridized with Tas1r2 as riboprobes, whereas hybridization with opsin mws as riboprobes resulted in the labelling of a comparable number of cells, indicating the successful knock in of mws and knock out of Tas1r2. Tissue sections hybridized with corresponding sense riboprobes did not show any labeling but was found in Tas1r2 null animals ( Figure 11d ). Moreover, we were able to visualise Tas1r2 RNA but not opsin mws RNA in a subset of taste cells in vallate papillae of C57BL/6 mice by in situ hybridization (Figure 11e ). In the null mice Tas1r2 mRNA was absent, whereas a comparable number of opsin mws RNA-positive cells were seen ( Figure   11e ). Together these results clearly indicate the absence of the Tas1r2 in the null mice.
| The response to non-nutritive sweeteners is depends on mobilization of intracellular Ca
| Comparison of glucosensitivity of tanycytes from
Tas1r2 null and wild type mice
In slices from wild type mice 292/555 tanycytes responded to puffs of glucose. In slices from the Tas1r2 null mice only 153/696 tanycytes responded to glucose. These proportions were significantly different between the two strains of mice (Figure 12a , p < .0001, v 2 test). When the magnitude of only the cells that responded to glucose was examined the mean change in F 340 /F 380 was 0.06 6 0.015 (n 5 7) in wild type and 0.064 6 0.017 (n 5 8) in the Tas1r2 null mice (Figure 12b ). Thus in the knock out mice those tanycytes that remained glucosensitve, responded to glucose by the same magnitude as those in the wild type mice. However, when the response was calculated over all tanycytes in a field of view including both responsive and nonresponsive cells, then the mean change in F 340 /F 380 was 0.035 6 0.0097 (n 5 7) in wild type and 0.0184 6 0.0224 (n 5 8) in the Tas1r2 null mice ( Figure  12c ). Clearly in the knock out mice the overall mean response to glucose in the tanycytes population is greatly reduced compared with the wild type, reflecting the greater proportion of nonresponsive tanycytes in the knock out mice.
We conclude from these data that there are at least two independent mechanisms of glucose sensitivity in tanycytes: one that requires the sweet taste receptor, and a second that is independent of this receptor.
Interestingly our data suggests that tanycytes detect glucose by either one of these mechanisms but not both, as the sensitivity to glucose of responsive tanycytes remains unchanged in the knock out mice.
| DISCUSSION
| Glucosensing mechanisms in tanycytes
Our evidence shows that a substantial majority of tanycytes sense glucose via the sweet taste receptor. In addition to glucose and nonmetabolizable analogues of glucose, tanycytes also respond to three different ligands of the sweet taste receptor: sucralose, AceK, and
RebA. We have isolated mRNA transcripts for the Tas1r2 and Tas1r3 receptor subunits from explants of the tanycyte layer, as well as the wider hypothalamic region. Crucially, in Tas1r2 null mice the proportion of glucose-insensitive tanycytes has increased. In the wild type mice, 53% of tanycytes responded to glucose puffs, this percentage was reduced by more than half in the Tas1r2 null mice to 22%. These proportions suggest that 58% of glucosensitive tanycytes utilize the sweet taste receptor, and 42% some other mechanism to sense glucose.
Strangely, our initial assessment of whether tanycytes could still respond to the non-nutritive sweeteners in Tas1r2 null mice suggested that, unlike responses to glucose, the responses to RebA and sucralose were unaffected by this gene deletion. The non-nutritive sweeteners RebA, AceK, and sucralose also have agonist activity at bitter taste receptors (Hellfritsch, Brockhoff, Stahler, Meyerhof, & Hofmann, 2012; Schiffman, Booth, Losee, Pecore, & Warwick, 1995) . We have recently found that tanycytes respond to bitter tasting compounds and that these responses cannot be appreciably blocked by MRS2500 alone (E.
Pollatzek, B. Webber, G. Lazutkaite, and N. Dale, unpublished observations) . On the face of it this would suggest that the evidence that led us to evaluate the role of the sweet taste receptor (the responses evoked by non-nutritive sweeteners) did so for the wrong reasons. In wild type tissue AceK responses were not blocked by MRS2500, indicating that this pathway differs from that of glucose, which is sensitive to this compound and may be via bitter taste receptors. However, the responses in wild type rats to RebA and sucralose were blocked by MRS2500, which also substantially blocked the Ca 21 -wave evoked by glucose (Frayling et al., 2011) , suggesting a similarity of signalling pathway between RebA, sucralose, and glucose in the wild type. The apparent lack of effect of Tas1r2 deletion on the responses to RebA and sucralose could therefore be due to an alternative agonist action on the bitter taste receptors in the knock out, or because these compounds act at some as yet uncharacterized receptor for sweet compounds (Simon, Parlee, Learman, Mori, Scheller, Cawthorn, . . . MacDougald, 2013) . Given that these compounds are unlikely to enter the brain in any appreciable quantities following ingestion into the gut (Roberts and Renwick, 2008; Roberts, Renwick, Sims, & Snodin, 2000; Wheeler, Boileau, Winkler, Compton, Prakash, Jiang, & Mandarino, 2008 plausible that a mechanism dependent on glucokinase, the K 1 -ATP channels, and SUR subunits accounts for glucosensitivity in the remaining glucosensitive tanycytes (Orellana et al., 2012) . However, these mechanisms must be mutually exclusive as in the Tas1r2 null mice tanycytes are either fully glucosensitive (a minority) or glucose insensitive (the majority). If both mechanisms were to coexist in the same tanycytes then a partial loss of sensitivity would be apparent in all glucosensitive tanycytes. It is interesting to note that this may be a further similarity between tanycytes and taste cells. Taste cells also possess two distinct sugar sensing mechanisms: the Tas1r-dependent pathway; plus a second pathway that is independent of Tas1r but instead involves glycosidases, GLUTs, SGLT1, and an ATP-gated K 1 channel and is thus reminiscent of the glucose sensing mechanism in the pancreas (Sukumaran, Yee, Iwata, Kotha, Quezada-Calvillo, Nichols, . . . 
| Roles of sweet taste receptors
Several reports have documented the expression of Tas1r receptor family subunits in extraoral tissues such as the gut, pancreas (Kyriazis, Soundarapandian, & Tyrberg, 2012) and in adipocytes (Laffitte, Neiers, & Briand, 2014) . Knock out of the Tas1r2 gene affects the regulation of insulin secretions from pancreatic b cells (Kyriazis, Soundarapandian, & Tyrberg, 2012) . Deletion of the Tas1r2 gene alters how mice adapt to a high fat low carbohydrate diet (Smith, Hussain, Karimian Azari, Steiner, Ayala, Pratley, & Kyriazis, 2016) . Although these studies have considered the roles of these receptors in peripheral tissues, our discovery that tanycytes detect glucose via the sweet taste receptors suggests that contribution of a central mechanism may need to be examined. The Tas1r2/Tas1r3 receptor has been described in adipocytes, however, the actions of artificial sweeteners on these cells appears to occur via a pathway independent of these receptors (Simon et al., 2013) and thus has similarity to the results we report here. This raises the prospect that additional receptors for sweet tasting substances exist and may provide an additional hypothesis as to why some tanycytes retain sensitivity to glucose when the Tas1r2 subunit is deleted. Levin, Wang, & Routh, 2004) . Neurons in the lateral hypothalamus are also excited by glucose, although this may depend on both an ATP sensitive K 1 channel and an additional mechanism involving the sodium-linked glucose transporter (Gonzalez, Reimann, & Burdakov, 2009; Williams, Alexopoulos, Jensen, Fugger, & Burdakov, 2008) . In addition to neurons, astrocytes can also respond to glucose (Leloup, Allard, Carneiro, Fioramonti, Collins, & Penicaud, 2016) and, in the ventrolateral preoptic area, astrocytic glucosensing may contribute to the sleep-inducing effect of food intake (Scharbarg, Daenens, Lemaitre, Geoffroy, Guille-Collignon, Gallopin, & Rancillac, 2016) . In this context, tanycytes represent a further mechanism and cellular pathway for glucosensing in the brain. While some tanycytes may well use the pancreatic b cell mechanism of glucosensing, well documented for the glucose-excited neurons, they also introduce a fundamentally new mechanism of central glucosensing dependent on the sweet taste receptor. Tanycytes add distinctive dimension to this menagerie of glucosensing cells as they contact the CSF and may be specifically tuned to detection of glucose within the CSF rather than the brain parenchyma (Bolborea and Dale, 2013; Frayling et al., 2011) . It is important to establish whether this information from tanycytes is relayed to the neuronal circuits of the arcuate and ventromedial hypothalamic nucleus where glucosensitive neurons are located and to understand how these two pathways integrate to control feeding behavior and energy homeostasis.
| Glucosensing cells in CNS
COMPETING INTERESTS
The authors declare that there are no competing interests. BL & SK -helped with the development of the adenoviral construct.
ND & HB -wrote the paper, all authors contributed to editing the paper.
ACKNOWLEDGMENT
We thank Matthew Rawlings for assistance with the RT-PCR experiments.
